Abstract-Effects of environmental pollutants are most obvious when mortality is increased. However, there are other nonlethal factors that may affect population size significantly. Endocrine disruption as a mechanism of action for pollutants recently has received much attention. Observations of effects likely caused by endocrine disruptors in pulp mill effluents have been made on several fish species, e.g., male-biased broods in eelpout (Zoarces viviparus). Fewer females represent a lower fecundity and could have dramatic effects on the population. In this study, a population viability analysis of the effects of skewed primary sex ratios in the eelpout was conducted using a female-based matrix population model. The model is age-structured with one deterministic version and another that incorporates environmental stochasticity. The model showed that the deterministic and stochastic growth rates in an undisturbed population (50% female fry) were 1.172 and 1.075, respectively, compared to 1.097 and 1.007 using the lowest proportion of female fry observed (38.7%). When primary sex ratios were more male-biased, the probability of pseudoextinction increased. Model simulations showed that the probability of a decreased population size to 5% of the initial within a 100-year time horizon was 44.7% with 38.7% female fry compared to only 7.7% for an undisturbed population.
INTRODUCTION
Human-caused environmental changes and consequential effects on ecosystems are well documented in terrestrial and aquatic ecosystems [1] [2] [3] [4] . These effects are due to several different processes and actions. Resource exploitation, for example, has many effects on fluxes and dynamics of nutrients, populations, and communities [4] . Discharge of chemical waste, whether natural or artificial is another example of environmental impact caused by human activities. Effects may be lethal but other physiological effects also are common. Since the publishing of Rachel Carson's Silent Spring in 1962, the effects of chemical influence on the environment has gained increasing attention. Chemicals with adverse health effects on humans or animals as well as on herbal life are being banned regularly. This work has come a long way since the introduction of environmental legislation. However, there are still many compounds and processes with unknown effects on the environment.
Environmental toxicants that cause adverse effects in an organism due to changes in the endocrine system are termed endocrine disrupters [5] . The mechanism of action for endocrine disruption that has been examined most actively is the interaction with receptors, either by mimicking or antagonizing the action of endogenous hormones [6] . Other possible routes of action for endocrine disruptors are to affect synthesis, storage, release, transport, metabolism, and elimination of natural hormones [7] . The various ways of action for endocrine disruption often makes it difficult to couple an observed effect to a specific route of action or a compound.
Induction of the yolk precursor vitellogenin in male or juvenile fish has become a useful biomarker for estrogenic con-* To whom correspondence may be addressed (niklas.hanson@miljo.gu.se).
tamination in the aquatic environment [8] . Vitellogenin normally is synthesized in the liver of mature females. One example is downstream a sewage treatment work where induction of vitellogenin has been coupled to the synthetic hormone ethinylestradiol, used in contraceptives [9] . Other well-known examples of human-made chemicals with estrogenic effects found in the environment are organochlorine compounds, such as polychlorinated biphenyls and DDT [10] , and nonylphenols [11] . One example, coupled to organochlorine compounds, is reproductive abnormalities of reptiles in Lake Apopka (FL, USA), something that has been associated with a DDT spill in 1980 [12] . Strong indications of endocrine disruption also have been found where the causes are unknown, e.g., an extremely high proportion of immature females and reduced gonad size downstream a public refuse dump in Sweden [13] [14] [15] . Development of male characters on the female (imposex) of the dog-whelk (Nucella lapillus) was one of the first examples of masculinization in the aquatic environment caused by human-made chemicals, in this case tributyltin used in antifouling paints [16] . Development of male secondary sex characters in the presence of pulp mill effluents has been shown in a number of fish species, such as mosquitofish (Gambusia affinis [17] ) and guppies (Poecilia reticulata [18] ). Examples of effects in secondary sex characteristics are plentiful; furthermore, both androgens and estrogens can be used to manipulate the sexual differentiation of the gonads in many fish species [19] . Pifferer et al. [20] showed that, after a short treatment with a nonsteroidal inhibitor of aromatase, the enzyme that catalyzes the conversion from androgens to estrogens, genetic females could develop into functional males. Therefore, there is a risk that endocrine-disrupting substances may affect not only secondary sex characters, but also the sexratio in wild fish populations.
Biased sex ratios of recruits (primary sex ratio) may be difficult to disentangle from biased sex ratios due to other causes, e.g., sex-dependent mortality of adults. Observations of different sex ratios in populations in polluted areas compared to sites presumed to be undisturbed could be an indication of an effect on the primary sex ratio due to endocrine disruption. However, observations of skewed sex ratios in recruits would be a stronger indication of a disturbance of the primary sex ratio and, thus, endocrine disruption. A striking example of this is studies of the viviparous eelpout, Zoarces viviparus [21, 22] . Significantly fewer female embryos were in gravid females near a pulp mill on the Swedish Baltic coast in 1997, 1998, and 2000 (45.5, 42.2 and 38.7%, respectively) [21] . In reference areas, the sex ratios were not significantly different from 50% [22] . In 1999, the mill had a planned shutdown period just before and during the expected onset of morphologic differentiation of the embryonic gonads and no significant differences were observed in this year [21] . The ultimate cause of the masculinization is still unknown. However, given the evidence discussed, it is very likely that the observed biased sex ratios are an effect of the pulp mill effluents.
The eelpout occurs in coastal areas of the North Atlantic as well as the Baltic Sea and has stationary behavior throughout its entire life cycle. The female has one ovary where oocytes are fertilized immediately after ovulation [23] . The embryological development is two to three weeks long and the larvae stay in the ovary for three to four months before parturition. The eelpout undergo gonadal differentiation as embryos and sex determination is simple before birth [22] . In Båtfjorden Bay, on the Swedish west coast, fertilization and hatching normally take place in early and late September, respectively [23] . With the larvae staying in the ovary three to four months, parturition takes place in late December and January. Because of this periodicity, the sensitive time period with gonadal differentiation can be expected to occur during approximately the same time period every year. The population of eelpouts near the pulp mill on the Baltic coast seem to be most sensitive to environmental changes between the end of September and the beginning of October, which was the time the mill was shut down in 1999 [21] .
To investigate the ecological effects of a decrease in the proportion of female fry, the population dynamics of the eelpout needs to be studied. The effect of a decrease in primary sex ratio then can be evaluated. It is clear, however, that a smaller proportion of females results in a decrease in potential fertility, which, in turn, may lead to a decrease in the population size and, thus, change to the dynamics of the ecosystem. Fecundity in the eelpout is size-dependent [23] and survival is known to be affected by size or age in many fish species [24] . Thus, to evaluate the effect of biased sex ratios on the population dynamics of the eelpout requires attention to the entire life cycle. This can be achieved using stage-structured matrix population models [25] . The aim of this study is to evaluate the population level effects of male-biased sex ratios of recruits in an eelpout population. A population viability analysis was conducted using deterministic and stochastic matrix population models developed from a substantial data set on Z. viviparus populations on the east coast of Sweden.
METHOD

Female-based model development
In this study, an age-structured matrix population model based on the age-specific survival and fertility of the females was used. The exclusion of the males in the model is based on the assumption that males do not become limiting for reproduction in a scenario where the proportion of females decreases. It is also favorable to keep the model as simple as possible. The data used to parameterize the model were sampled in early November of 1992 to 2001. Thus, the model had a projection interval of one year, starting and ending in early November. The females were grouped into the age classes 0ϩ, 1ϩ, . . . , 8ϩ. The age class 0ϩ is assumed to be immature [23] . The relative time of birth and sampling resulted in individuals belonging to the age class 0ϩ that are approximately 10 months old, 1ϩ individuals that are one year and ten months, and so on. A stylized life-cycle graph is given in Figure 1 . The first survival rate (s rec ) is included in the fertility and is the probability of a fry in the ovary of a female in November surviving to the age class 0ϩ the following year ( Fig. 1) . The following survival rates represent the probability of an individual of age class X to reach age class X ϩ 1 one year later. The total number of fry in November is given by the sum of fertility in all age classes and, thus, is a function of the population size, age structure, and age-dependent fecundity. Average survival and fecundity values of all age classes were needed for the deterministic and the stochastic models. Additionally, the variances between years were needed for the stochastic model. The model was based on data of eelpout populations in Kvädö fjärden, on the Baltic Coast of Sweden (57Њ59ЈN, 16Њ39ЈE). The data were provided by the National Board of Fisheries, Institute of Coastal Research, Ö regrund, Sweden. Kvädöfjärden is used in Swedish environmental monitoring programs as a reference area because it is located far from point sources of pollution [26] .
Survival
Total catches per unit effort (e.g., nets·d), grouped by length, were given for the years 1994 to 2001 and the proportion of females and mature females in the catches were given for the years 1999 to 2001. To build the model, therefore, it was assumed that the proportions in 1999 to 2001 also were representative for the years 1994 to 1998. The age had been determined for a total number of 1,104 females of age classes 1ϩ to 8ϩ caught in 1992 to 2000. These females were used to estimate the age distribution within the length groups. From these distributions and the total catches, it was possible to estimate the catches of female eelpouts per unit effort for different ages in the years 1994 to 2000. From these data, the survival probabilities and proportion of mature females in the different age classes could be calculated.
From the data set, it was obvious that smaller individuals were underrepresented in the catches, most likely due to the mesh sizes used. This led to an underestimation of the number of fish in the younger age classes and, hence, an overestimation of the survival probabilities to the following age class. For that reason, the survival probabilities of age classes 2ϩ or younger were not possible to calculate directly from catch data. Instead, the mean survival probabilities of these classes were estimated from the assumption that survival probability increases linearly with age during the first years of the life cycle. Using an iterative procedure, the survival rate of recruits was found that gave a mean population growth rate corresponding to that of the data set. The old (overestimated) survival rates then were scaled down to achieve the new means. For classes lacking catch data (recruits and 0ϩ), means of all age classes were used and rescaled. This would be the best estimate given the assumption of increasing survival and the data. In the deterministic model, mean values from all years were used for the age-specific survival rates. The variation between years was used for variability in the stochastic model.
Fertility
Fecundity is used here for the number of living fry in the ovary in early November and fertility is used for the number of living 0ϩ individuals, from a specific female, one year later. Fertility thus requires knowledge of the proportion of mature females of the age class and the survival probability of the recruits. In the data set, the number of fry was counted in a total of 287 age-determined females. This had been done in early November of 1992, 1994, 1996, and 1998 to 2000 and these data were used to estimate the fecundity of the females in the different age groups. For age classes 2ϩ and 5ϩ to 8ϩ fecundity values were missing for one or more years. The missing values were estimated from linear trend lines of fecundity of all available age classes the corresponding year (r 2 ϭ 0.88 Ϯ 0.09, mean Ϯ standard deviation). Fertility is calculated as the product of fecundity, proportion of mature females, sex ratio, and survival of recruits. In the deterministic model, mean values were used; in the stochastic model, fecundity was subjected to variation.
Matrix population models
The stage-specific survival probability and fertility values are given in matrix form where the survival probability is the proportion of survivors of a given stage class and the fertility is the number of surviving descendants per individual of each stage. The matrix population model is a discrete model where the number of survivors and the number of descendants from each age class are computed according to age-dependent survival rate and fertility. By multiplying the matrix (M) with the age class density vector (n) of time t, the age class density vector for time t ϩ 1 is given. This gives the matrix multiplication n tϩ1 ϭ M·n t . For each time step, this gives the number of individuals in each age class. In the deterministic model, the dominant eigenvalue of the matrix is equal to the asymptotic population growth rate (), and the right (w) and left (v) eigenvectors give the stable population structure and the reproductive values, respectively [25] . In a deterministic simulation, the matrix multiplication results in exponential population growth. For Ͼ 1, the population will increase exponentially in size and for Ͻ 1 the population will go to extinction. A model that allows random variations in vital rates between time steps is termed a stochastic model. Such a model is used to simulate fluctuations in the growth of a population due to environmental variation, e.g., water temperature. The stochastic population growth rate ( s ) is computed from the geometric mean population growth over a time period [25] . The average population growth of an adequate number of simulations will be similar to what is predicted by s for any time horizon.
The probability of pseudoextinction is the proportion of the resulting trajectories in stochastic simulations that will cross a predefined lower limit in population size within a given time frame. In a scenario with s Ͼ 1 the average population (from many trajectories) will increase in size, though some proportion of the resulting trajectories still may decline below the predefined minimum level at which they are termed pseudoextinct. For lower values of s or a larger variation in vital rates, a greater proportion of the trajectories will become pseudoextinct. Because the variance of the population size increases with time, the probability of pseudoextinction increases with the length of the time horizon used.
Sensitivity and elasticity (proportional sensitivity) analyses are useful tools to evaluate the effect on to changes in a specific matrix element. That is, the elasticity and sensitivity indicate how sensitive the population growth rate is to proportional and absolute changes in a given life-history stage. For a deterministic model, the sensitivity element s ij is given by s ij ϭ v i ·w j /Ͻv,wϾ, which results in a sensitivity matrix. The elements of the elasticity matrix are calculated from e ij ϭ s ij ·(a ij /), where a ij is the corresponding element of the matrix [25] . Stochastic elasticity was computed from a model where vital rates were manipulated one at the time and the resulting stochastic population growth rate compared to that of an undisturbed matrix [27] .
Model simulations
In the age-structured life cycle of Z. viviparus used in this study, each age class has an impact on the number of individuals in the following age class, as well as class 0ϩ, the coming year (Fig. 1) .
In the stochastic model, the parameters survival and fecundity were subjected to environmental stochasticity. The variance caused by environmental stochasticity was retrieved according to Akcakaya [28] . The environmental variation was added to the model in each time step by creating two random numbers, one for survival and one for fecundity. These numbers then were transformed into survival and fecundity values using the age-specific lognormal distributions, which were based on the variances found in the data set. The survival probability and fecundity values were analyzed with Pearson's two-tailed correlation to see how variations between years affected the different age classes. The deterministic dominant eigenvalue of the mean matrix was calculated letting the proportion of female fry vary in the range 0 to 0.5. The deterministic dominant eigenvalue was compared to the stochastic population growth rate for the equivalent proportions of female fry. Again this was done for different proportions of female fry to get the population growth as a function of the proportion of female fry. The critical value of the proportion of female fry is given as the value where ϭ 1 for the deterministic and the stochastic models, respectively.
To evaluate the effect of the variation in population size in a stochastic model, the probability of pseudoextinction was computed for different proportions of female fry in the range 0 to 0.5. The limit of pseudoextinction was set to 5% of the starting population size. This was done for the time periods 20, 50, and 100 years.
RESULTS
Model development
There was a significant regression between age of the females and number of fry per female (r 2 ϭ 0.14, p Ͻ 0.01). For age classes 1ϩ, 2ϩ, 6ϩ, 7ϩ, and 8ϩ there were data missing on the number of fry per female for at least one year. For classes 1ϩ and 8ϩ no data at all were available. The skewed catches and a small natural proportion of the higher classes probably could explain this bias in the data. To get an estimate of the missing values, linear regressions were used. Also, there was a significant regression between the somatic weight of the females and the number of fry that better explained the variation in number of fry (r 2 ϭ 0.68, p Ͻ 0.01). The estimated mean transition probabilities are shown in Table 1 . The fertility was calculated as the product of the proportion of female fry (␣), number of fry per female ( f ), the proportion of mature females (P), and the survival probability of recruits (s rec ).
Model simulations
The survival rates of the different age classes correlated significantly in such a way that it became obvious that environmental variation of survival affects all age classes simultaneously. Unfortunately, correlation analysis could not be performed on all combinations of the other parameter subjected to stochastic variation, i.e., fecundity, as values were missing for several age classes and years. However, using the regression between age of the females and number of fry per female (r 2 ϭ 0.14, p Ͻ 0.01), the missing fecundity values could be estimated. After this, significant positive correlations of agespecific fecundity were found for all possible combinations of age classes 5ϩ Ϫ 8ϩ and, therefore, variations in fecundity were assumed to affect all age classes simultaneously. Furthermore, in the absence of comparable data, survival and fecundity were assumed to vary independently.
In some classes, catch data were not sufficient to estimate the environmental variation. An estimate of the proportion of the total variance that was caused by environmental variation was achieved from a mean of age classes 3ϩ Ϫ 7ϩ and 2ϩ Ϫ 5ϩ for survival and fecundity, respectively. In terms of standard deviation, the environmental component accounted for 73% in survival and 56% in fecundity. Lognormal distributions were chosen for the environmental variations after comparing normal and lognormal probability plots (Fig. 2) . Figure 3 shows the population growth rate at different proportions of female fry in the deterministic and stochastic model. The deterministic growth rate for an undisturbed population (50% female fry) was 1.172 and the stochastic growth rate was 1.075. The proportion of female fry necessary to keep the population growth rate positive ( Ͼ1) was Ͼ26.7% in the deterministic and Ͼ37.7% in the stochastic model.
The elasticity of the survival rates and fertilities indicate that the population growth rate is most sensitive to changes in the survival probabilities of age classes 0ϩ, 1ϩ, and 2ϩ for the deterministic as well as the stochastic model (Fig. 4) .
A direct effect of the reduced -values for decreased proportions of female fry is a higher probability of extinction. Due to the increasing variance of projected population sizes with time in a stochastic model, the longer time horizons have a greater probability of extinction for any given proportion of females (Fig. 5) .
DISCUSSION
The results from the model simulation show that the smaller proportions of female fry found by Larsson and Forlin [21] and Larsson et al. [22] could affect significantly the population growth rate. This was expected due to the decrease in fecundity coupled to a reduction in the proportion of females. The lowest proportion of female fry found during four years of monitoring was 38.7%, found in 2000 after the mill had increased its capacity in 1999 [21] . According to the model simulations, this would correspond to a growth rate of 1.097 and 1.007 for the deterministic and the stochastic models, respectively. In an undisturbed population (50% female fry), these values were 1.172 and 1.075. The stochastic model also indicated higher probabilities of pseudoextinction when the broods are more male-biased. With 38.7% female fry, the probabilities of pseudoextinction were 0.097, 0.275, and 0.447 for the 20-, 50-, and 100-year time horizons, respectively. For the normal fry sex ratio (50%), the corresponding probabilities of pseudoextinction were 0.017, 0.053, and 0.077. Although the growth rate of both the deterministic and stochastic model exceeded the critical value ( ϭ 1), the risk of pseudoextinction for all time horizons increased significantly. The eelpout population 1.7 km north of the outfall has a probability of 44.7% to decrease to a population size of only 5% of its present size within 100 years, given the fry sex ratio of 2000. However, there are other factors that may affect the proportion of female fry in a specific location, e.g., variations in the direction of the effluent plume during the sensitive time period [21] . The impact of the pulp mill effluent in a specific location thus varies stochastically between years, something that was not considered in the model. At two sites, located 1.7 km north and 1.2 km south of the discharge point, four out of six possible observations were significantly male-biased and one was close to being significant [21] . This indicates that the endocrine disrupters believed to originate from this pulp mill alone will affect many kilometers of coastal waters. The effects, accord- ing to the results in this study, could be slower population growth or even a decline in population size with a substantial risk of local extinction. The deterministic, as well as the stochastic, elasticity reached its highest values in the survival rates of age classes 0ϩ, 1ϩ, and 2ϩ. Unfortunately these also are the values that are most uncertain due to the size-biased catches. This also indicates that variations in these elements are most important in the stochastic simulations because variations here have the highest impact on the population growth rate. It also can be seen that the stochastic model is slightly more sensitive compared to the deterministic model. The use of a female-based model in this paper was based on the assumption that females are limiting in an undisturbed population and, thus, also when the proportion of female fry is decreased. However, in situations with a greater proportion of females, males may become limiting and a two-sex model would be more appropriate. Stochasticity of the survival and fecundity values were set to vary according to lognormal distributions based on variance and mean found in the data set. The stochasticity of the fertility was set to act upon the number of fry per female. Age of the female explained only 14% of the variation in number of fry per female and somatic weight of the female explained 68% of the variance. In two-sex models, it has been shown that, for organisms with size-dependent fecundity, the size structure of the population is important for the total fertility and, thus, the dynamics of the populations (A. Sundelöf, unpublished data). This indicates that the size distribution within each age class is important for the total fertility in the Z. viviparus populations. However, the stochastic age-structured population model incorporates all the variation found in the data, such that the resulting dynamics were not affected by the explicit way the variation is introduced in the model. When conditions are favorable, the females will grow more and, hence, produce more fry. However, because the model is based on age, not size, this variation already is included in the variance of the number of fry per female. The variation in survival rate likely is greatly affected by the environmental conditions, such as water temperature. It seems like the variations between years affect all age classes for both survival and fertility. It also seems, although data were weak, like the factors determining if it is a good year for survival are different from those that affect fertility. The factors determining the number of fry probably are limited to a particularly sensitive time period in the autumn and probably can be considered nondependent of the overall environmental conditions during the same year. Another likely hypothesis is that, because the size of the brood is correlated closely with the size of the female, this could be a function of the overall conditions during the female's lifetime. Hence, several years of good conditions with high survival rates would give larger broods. In 1995 the reproduction success in Båtfjorden Bay, on the Swedish west coast, was very low, something that might be an effect of abnormally low water temperatures [23] . Rare events like this were not found in the data from Kvädöfjärden and are not considered in the model. The low proportion of mature females in the younger age classes (12.9% for 1ϩ, 53.5% for 2ϩ) was somewhat surprising because it has been found that 70% of the 1ϩ females and all 2ϩ females are mature in Båtfjorden Bay [23] . However, the eelpout grows slower in Kvädöfjärden and does not reach the size of the 1ϩ females in Båtfjorden until it has reached the age class 3ϩ, where 70% were mature. Therefore, it is likely that the maturation process, as well as growth, is slower in Kvädöfjärden than in Båtfjorden Bay, maybe due to stress caused by the low salinity of the Baltic Sea. Differences of this magnitude between eelpout populations indicate that the effect of endocrine disruption, as well as other disturbances, may vary between populations. During the second half of pregnancy, embryonic mortality is as low as 0 to 1% [23] . This means that the number of fry observed in November is close to the number of newborns in January. Mortality for the fry during this period is equal to the mortality of the adult. This would give different survival rates of recruits depending on the age of the mother. However, this was not incorporated in the model because it is unclear how mortality of adults varies with time of the year.
The substance in pulp mill effluents responsible for the masculinization is unknown still, although several different compounds are suspected to be involved. Natural phytosterols, e.g., ␤-sitosterol, are possible contributors to the observed effects [29] . Another suggestion is environmental modification of phytosterols [30] . Parks et al. [31] identified a chemical, or a mixture of chemicals, in pulp mill-contaminated waters that binds to the androgen receptor, hence inducing androgen-dependent gene expression. The great number of studies on different species indicating masculinization in the presence of pulp mill effluent, as well as the impact on population growth found in this study, indicates that this should be taken seriously. The eelpout has been used in studies on fry sex ratios because it is viviparous and, therefore, the broods are easy to sex determine. This does not mean that the effects of biased sex ratios close to pulp mills are exclusive for the eelpout. The effects on populations, as well as ecosystems, are difficult to assess because the extra proportion of males may or may not become reproductively functional individuals. The genetic basis for sex determination is of great importance. In mammals, sex is determined genetically by the XX or XY combination of chromosomes; but in fish, sex determination often is more complex and may depend on factors other than genetic. One example of this is that the temperature at which eggs are hatched may affect the sex ratio [32] . When the sex-determining system is based on male heterogameity (XY), genetic females (XX) that are functional males may give broods composed of 100% genetic females [19] . This means that an endocrine disruptor that is masculinizing on the individual level could be feminizing on the population level. In the present study, however, the sex-reversed females were assumed to become genetic males or nonreproductive individuals.
Pulp mills have been coupled to negative effects on fish health and ecosystems for a long time. This study shows, however, that effects other than the most conspicuous could affect the ecosystem significantly and should be taken seriously.
